DNA copy number amplifications activate oncogenes and are hallmarks of nearly all advanced tumors. Amplified genes represent attractive targets for therapy, diagnostics and prognostics. To investigate DNA amplifications in different neoplasms, we performed a bibliomics survey using 838 published chromosomal comparative genomic hybridization studies and collected amplification data at chromosome band resolution from more than 4500 cases. Amplification profiles were determined for 73 distinct neoplasms. Neoplasms were clustered according to the amplification profiles, and frequently amplified chromosomal loci (amplification hot spots) were identified using computational modeling. To investigate the site specificity and mechanisms of gene amplifications, colocalization of amplification hot spots, cancer genes, fragile sites, virus integration sites and gene size cohorts were tested in a statistical framework. Amplification-based clustering demonstrated that cancers with similar etiology, cell-oforigin or topographical location have a tendency to obtain convergent amplification profiles. The identified amplification hot spots were colocalized with the known fragile sites, cancer genes and virus integration sites, but global statistical significance could not be ascertained. Large genes were significantly overrepresented on the fragile sites and the reported amplification hot spots. These findings indicate that amplifications are selected in the cancer tissue environment according to the qualitative traits and localization of cancer genes.
Introduction
Gene amplifications cause an increase in the gene copy number and subsequently elevate the expression of the amplified genes. The expression of amplified genes has been shown to increase significantly in breast and prostate cell lines and in primary tumors, but the number of overexpressed genes in the amplified chromosomal areas varies upon cancer tissue type (Pollack et al., 1999 (Pollack et al., , 2002 Hyman et al., 2002) . Amplificationactivated human oncogenes include AKT2 in ovarian cancer, ERBB2 in breast and ovarian tumors, MYCL1 in small-cell lung cancer, MYCN in neuroblastoma, REL in Hodgkin's lymphoma, EGFR in glioma and non-small-cell lung cancer and MYC in various cancers (Futreal et al., 2004) . Amplifications are frequently observed in advanced cancers, which have lost the p53-mediated maintenance of genomic integrity (Livingstone et al., 1992; Yin et al., 1992) . Amplifications of various drug target genes have been observed to confer drug resistance in several in vitro experiments as well as in clinical studies (Wahl et al., 1979; Johnston et al., 1983; Goker et al., 1995; Shannon, 2002) .
DNA copy number amplifications arise as multiplication of intra-chromosomal regions of 0.5-10 Mb in length. In contrast to the definition of amplification, DNA copy number increase in larger chromosomal areas or intact chromosomes, owing to translocations or aneuploidy, is defined as a gain (Lengauer et al., 1998) . Amplifications produce excess gene copies in homogeneously staining regions (HSRs) and extrachromosomal acentric DNA fragments (double minutes and episomes) (Albertson et al., 2003) . HSRs manifest as a ladder-like structure of inverted repeats within chromosomes (Schwab, 1998) . Extrachromosomal amplicons appear as double minutes, which can be seen using conventional cytogenetics (Hahn, 1993) , and episomes (B250 bp in length), which are only detectable using molecular biology methods (Maurer et al., 1987; Graux et al., 2004) . HSRs, double minutes and episomes may contain fused genetic material from different chromosomal loci (Guan et al., 1994; Graux et al., 2004) . Models for pathways that result in gene amplification have been reviewed in detail by Myllykangas and Knuutila (2006) . Amplification pathway models predict that two independent DNA double-stranded breaks at the margins of an amplified region are required to occur to enable the amplification of the intra-chromosomal DNA segment. The human genome is perturbed by specific labile domains, such as fragile sites, virus integration sites and large genes, which are more sensitive to DNA damage than other loci. Fragile sites are chromosomal regions, in which chromosomal breaks can be induced using replication-stalling chemicals. Based on their prevalence in the population, the fragile sites (119) are classified as common or rare. Eighty-eight common fragile sites are found in all individuals and 31 rare fragile sites in less than 5% of the population. Susceptibility to damage varies between the fragile sites, as 75% of the DNA damage lesions have been located to 22 common fragile sites (out of the 139 chromosomal loci with identified lesions) (Glover et al., 1984) . Especially, common fragile sites are colocalized with amplifications (Hellman et al., 2002) . WWOX (1.1 Mb) and FHIT (0.8 Mb) are particularly large genes and located in two of the most damage-prone fragile sites (16q23.1 and 3p14.2, respectively). WWOX and FHIT are frequently involved in DNA breaks. Besides fragile site expression, retroviral DNA insertion at specific genomic sites is believed to induce DNA breaks.
Results
DNA copy number amplification profiles of human neoplasms DNA copy number amplifications in human neoplasms were extracted from a publicly available data collection. A data matrix containing binary chromosome subband-specific information of DNA amplifications was generated (downloadable at http://www.helsinki.fi/cmg/ cgh_data.html). The number of examined loci was 393 (list of all analysed chromosomal loci in Appendix 1 in the Supplementary information). The assembled data matrix contained 4590 cases with 5740 coherent, amplified chromosomal regions. In all, 1 803 870 chromosome bands were analysed and 26 527 of them were labeled amplified. Appendix 2 in the Supplementary information presents an overview of the studied neoplasms (n ¼ 73) and DNA amplifications. The majority of the neoplasms were malignant tumors or hematologic malignancies, but non-malignant or premalignant lesions were also included in this study. All 73 neoplasm categories included cases with amplifications. Amplification profiling was carried out by calculating chromosome sub-band-specific amplification frequencies. Amplification profiles of all studied neoplasms are presented in Figure 1a , which shows amplification frequencies at chromosome band resolution with frequency values of individual neoplasms zoomed to the maximum. Neoplasms in Figure 1a are sorted according to the hierarchical clustering. Four main neoplasm clusters ( Figure 1a) were identified according to the clustering analysis. Detailed amplification profiles were generated for 73 neoplasms (see Appendix 3 in the Supplementary information).
Amplification hot spots represent frequently amplified genomic domains DNA copy number amplifications were found to be preferentially localized in the genome (Figure 1a and Appendix 3 in the Supplementary information).
Therefore, amplification hot spots, the genomic loci that are prone to amplify in human neoplasms, were identified using computational modeling, specifically the independent component analysis (ICA). Chromosome bands with values >0.5 were included in the genomewide ICA factors representing the amplification hot spots. Values between 0.5 and 1 within the amplification hot spots are shown using gray to black scaling. Figure 1b presents the top 30 identified amplification hot spots (10% of all identified independent factors) in the order of decreasing stability index, which was evaluated by bootstrapping the ICA factors. Besides factor 19, which embodies the whole chromosome 21, the longest coherent amplification hot spots encompassed single chromosome arms. Note that three factors are composed of two disjoint regions (factors 9, 12 and 27). The disjoint hot spots spanned across the centromeres of chromosomes 8, 17 and 5, respectively. Amplification hot spots did not cross chromosome boundaries, although this would have been conceivable in the continuous vector presentation of amplifications. The amplification hot spots are also presented in Table 1 , which lists the fragile sites and cancer genes that colocalize with the amplification hot spots. The amplification hot spots covered 178 chromosome bands (45% of the genome).
Amplification profile-based clustering reveals relations between human neoplasms DNA amplification profiling ( Figure 1a) showed that amplifications were not randomly distributed in the human genome, but specific amplifications were observed in distinct neoplasms. Hierarchical clustering was performed to investigate whether there were amplification-based similarities between neoplasms. Figure 2 shows the correlation matrix and the dendrogram of the neoplasms. Four main neoplasm clusters are marked in correlation matrix.
Associations between amplification hot spots, cancer genes, fragile sites, virus integration sites and gene size cohorts The identification of amplification hot spots (Figure 1b) suggested that some structural genomic properties or labile genomic features might explain the site specificity of the amplifications. Localization of cancer genes, virus integration sites and fragile sites relative to amplification hot spots was evaluated to explain the mechanisms behind the amplification hot spot findings. Only one of the hot spot areas showed significant overrepresentation of cancer genes (8p23-q12; 8q23; difference of means 0.0227, P ¼ 0.0070). The same analysis performed with regard to the virus integration sites yielded four significant findings of hot spot areas with overrepresentation, namely 2q13-q36 (difference 0.0404, Po0.0001), 8q24.1-q24.3 (difference 0.0407, P ¼ 0.0020), 9q11-q34 (difference 0.1264, Po0.0001) and 18q11. 2-q23 (difference 0.1975, Po0.0001) . National Center for Biotechnology Information (NCBI)-derived fragile sites were not significantly overrepresented in any of the reported Amplification profiling of human neoplasms S Myllykangas et al amplification hot spots. In a global statistical setting, the fragile sites, which had been extracted from the NCBI database or from a publication (Glover et al., 1984) , were not significantly over-or underrepresented in the reported amplification hot spot areas when compared with non-amplified chromosomal regions. Similarly, when analysed in global scale, neither cancer genes nor virus integration sites were significantly represented on the reported amplification hot spots.
Associations between amplification hot spots, prevalence weighted fragile sites and gene size cohorts were tested to analyse whether the gene size affects chromosomal fragility or has influence on gene amplifications. Differences in proportions of genes located on amplification hot spots and non-amplified chromosomal regions as well as in fragile and non-fragile sites were measured for each gene size cohort, and statistical testing was applied to assess the significance of the findings. Gene size cohorts 0-100 kb (difference of means 0.234 and P-value o0.0000001), 50-150 kb (difference of means 0.206 and P-value ¼ 0.002), 250-350 kb (difference of means 0.204 and P-value o0.0000001) and 300-400 kb (difference of means 0.146 and P-value ¼ 0.001) were found to be associated with amplification hot spots. When the gene size cohorts were measured against the prevalence weighted fragile a b Figure 1 DNA amplification profiling of human neoplasms and amplification hot spots in the human genome. (a) Overview of amplification profiles of all analysed neoplasms. Amplification incidences were calculated for each chromosome band and zoomed to the maximum value in each neoplasm. Hierarchical clustering was applied to sort the neoplasms. Four main clusters are marked (clusters 1-4). (b) Amplification hot spots were identified using ICA. The cutoff value for chromosome bands, which were included in the amplification hot spots, was set at 0.5. Hot spot temperature (values between 0.5 and 1) is presented using gray to black scaling. Stability indexes of the ICA factors (amplification hot spots) were assessed using bootstrapping analysis. Amplification hot spots were sorted by the stability indexes.
Amplification profiling of human neoplasms S Myllykangas et al Amplification hot spots are sorted by chromosomal location. The census of human cancer genes was adopted from a publication by Futreal et al. (2004) and fragile sites were extracted from the NCBI database.
Amplification profiling of human neoplasms S Myllykangas et al sites, the 200-300, 250-350, and 900 kb-1 Mb gene size samplings were found to be associated with the fragile sites (differences of means 0.000021, 0.000022 and 0.000103 and P-values 0.006, o0.0000001 and 0.002, respectively). The low number of genes in the test sets prevented both gene size assessments in cohorts >1.5 Mb.
Discussion
Cytogenetic and molecular genetic markers have long been applied in cancer diagnostics. In recent years, it has become evident that molecular classification of tumors provides essential knowledge about the mechanisms of carcinogenesis and guides the development of targeted therapies and clinical practices. Although some leukemias have already been classified using molecular biology parameters, such classifications are generally lacking. Amplification profiles can be regarded as the molecular signature of the history of the neoplasm, because they are distributed across the entire genome in a fairly resolute manner. Moreover, amplifications are mechanistically associated with cancer progression and common in late-stage cancers of various organs. In this context, amplification profile-based molecular classification of neoplasms is well grounded. Naturally, amplification profiling is only one means to classify neoplasms and similar classification can be based on any other measurable molecular variable.
DNA copy number amplification data was collected in a bibliomics survey. Data mining by means of statistical modeling was applied to elicit knowledge from DNA copy number amplifications in human cancer. Amplification frequency profiles were identified for neoplasm-type-specific sample groups ( Figure 1a and Appendix 3 in the Supplementary information). The method applied in the amplification profiling analysis assumes that a single measurement of significance only applies to that specific chromosome band ignoring the uncertainty resulting from multiple testing. Conservative multiple testing correction was not applied as the method was not used in hypothesis testing but in the context of data mining and knowledge discovery. In addition, the DNA amplification profiling tests were not independent (required by the correction algorithms) as the genomic map positions are interconnected. Thus, uncertainty of the amplification frequency profiling analyses is mainly reflected in the sample size of the Figure 2 Hierarchical clustering of human neoplasms. Neoplasms were sorted using pairwise hierarchical clustering. In the correlation matrix, neoplasms (marked 1-73) appear in the same order on the x and y axis, and black lines separate the clusters. Four main clusters are marked (clusters 1-4). Linkage distances of paired neoplasms were used to join the best matching neoplasm pairs to form the dendrogram tree.
Amplification profiling of human neoplasms S Myllykangas et al respective classes (see Appendix 2 in the Supplementary information). Hierarchical clustering was used to identify neoplasm clusters based on amplification profiles ( Figure 2) and ICA was applied to identify amplification hot spots (Figure 1b ) that were subsequently probed with parameters related to carcinogenesis using hypothesis testing. Neoplasm cluster 1 consists of miscellaneous cancers (Figure 2) . Sarcomas are the main group of malignancies in cluster 1, but adenocarcinomas (breast and prostate) and also other types of neoplasms are present. No underlying unambiguously common denominators could be designated. It is worth mentioning that both breast and prostate adenocarcinomas have the same cellof-origin (undifferentiated suprabasal stem cells) (Sell, 2004) . Cluster 2 comprises two tight clusters of squamous cell carcinomas (head and neck, cervical, anal and oral carcinoma) and carcinomas of columnar epithelium (fallopian tube carcinoma, non-small-cell lung cancer and endometrial carcinoma). Noteworthy is that non-small-cell lung cancer contains also pulmonary squamous carcinoma (almost half of the cases), which strengthens the association of cluster 2 with squamous carcinomas. According to the dendrogram and correlation matrix analyses, clusters 1 and 2 are also related with each other.
The third neoplasm cluster consists of assorted sarcomas and carcinomas with preference to childhood solid tumors. Besides Ewing's sarcoma and Wilms' tumor, hepatoblastoma and renal cell carcinoma are tumors that usually affect young patients. A somewhat diverging clustering (from other neoplasms) of these adolescent cancers suggests that they also differ from adult cancers on the basis of the amplifications. Wilms' tumor, Ewing's sarcoma and hepatocellular carcinoma were tightly related within this cluster. Although Wilms' tumor and Ewing's sarcoma were the second most related pair of cancers in this research setting, they have not been considered to be closely related. Wilms' tumor usually arises in children and originates from residual embryonic stem cells (Sell, 2004) . The cell-of-origin of Ewing's sarcoma is unknown but it has been postulated to originate from bone marrow stem cells (Torchia et al., 2003) . It has been debated whether hepatocellular carcinoma is of bone marrow stem cell origin (Sell, 2004) . In this context, Wilms' tumor, Ewing's sarcoma and hepatocellular carcinoma share similar pluripotent stem cell origin, which might explain the close amplification profile-based kinship. Histologically, Wilms' tumor and Ewing's sarcoma are small round cell tumors. In cluster 3, malignant fibrous histiocytoma (MFH), liposarcoma and malignant mesenchymoma of bone grouped together. This was expected, because they resemble each other histologically. Interestingly, melanomas of the skin and eye were totally separated in this evaluation, even though they are thought to be related.
The fourth main neoplasm cluster contains adenocarcinomas of the gastrointestinal tract. Gastric and colorectal adenocarcinomas were closely related, which might be explained by the fact that both of these cancers originate from functionally anchored stem cells of the crypts (Sell, 2004) . All gastrointestinal adenocarcinomas clustered together, with the exception of pancreatic adenocarcinoma. Such gender-specific adenocarcinomas as breast cancer and prostate cancer were clearly outside this main adenocarcinoma cluster. In general, adenocarcinomas were scattered, with the exception of gastrointestinal adenocarcinomas, which suggests that adenocarcinomas are a highly heterogeneous group with concordant subclustering based on gender, topography, progenitor cell or surrounding tissue function. The gastrointestinal tract cluster was more related to clusters 1 and 2 than to cluster 3, which overrepresented the childhood solid tumors.
Instead of clear clusters, the rest of the neoplasms were observed as highly related cancer pairs and triplets or single outliers. Small-cell lung cancer and neuroendocrine lung cancers are regarded to be related and they clustered together also in this setting. Pituitary adenoma (not neoplastic), adenocortical carcinoma and thyroid carcinoma clustered together, but neuroendocrine lung carcinoma was clearly separated from the rest of the endocrine tumors. Germline tumors were found to be connected. Retinoblastoma and Merkel cell carcinoma were clearly related and differed considerably from the other studied neoplasms. These two tumors have not been reported to be related previously.
ICA was used to identify amplification hot spots, the frequently amplified chromosome bands. Similar factorbased methods are applicable as well as other methods, for example, the Hidden Markov Model. Amplification hot spots were congruent with the amplification profiles (Figure 1 ). For example, 11q13 amplification was observed in the majority of the cancers. 8q24.1-q24.3 peaked in the amplification profiles in addition to the other chromosome 8 amplifications, and also 1q, 3q, 5p, 12p, 12q and 17q amplifications stood out in the amplification profile presentation (Figure 1) . The amplification hot spots were related to known amplified genes. The reported amplifications hot spots harbor such amplification-activated oncogenes as EGFR, MYCN, MYC and ERBB2 (Futreal et al., 2004) ( Table 1 ). The RUNX1 (alias AML1) gene amplification (gene locus 21q22.3 maps to amplification hot spot 27) is typical in a variety of hematologic malignancies (Roumier et al., 2003) . 11q23-qter is typically amplified in AML but rarely in other tumors (Zatkova et al., 2004) . The BCL2 (18q21.3) amplification is typical in B-cell non-Hodgkin's lymphoma (Monni et al., 1999) . 9q11-q34 amplification was a somewhat unsuspected finding among the top 10% hot spots, because the ABL1 oncogene (located in 9q34) is usually activated by translocations in hematologic malignancies (CML and AML) and not by amplification. Recently, ABL1 was shown to be amplified in T-cell acute lymphoblastic leukemia (Bernasconi et al., 2005) . 20p13-p11.1 amplification was peculiar among the hot spots as no known cancer genes are located in this region (Table 1) . Likewise, 5p15.3-p15.1 amplification hot spot was divergent to the other hot spots, because the region is not known to harbor any fragile sites or cancer genes (Table 1) . Amplifications at 13q, 19 and 20q would be expected to appear among the amplification hot spots. These amplifications did not break into the top 10%, but they were seen in the individual cancer profiles. For example, 20q amplifications were frequent in gastric cancer and colorectal cancer, and 19q (the AKT2 gene is located at 19q13.1-q13.2) contained amplifications in the majority of neoplasms (Figure 1) . The 2p13 locus of the REL gene is also missing from the amplification hot spot list. REL is frequently amplified in some lymphomas (Futreal et al., 2004) . Amplifications in 3q, 5, 6p, 8q, 11q13, 15q, 17q, 21, 22 and X are typical of cancers in general. In addition to these general amplifications, cancer-specific amplifications emerged in the global analysis of amplification hot spots. 2p25-p23 amplification (containing the MYCN gene) is specific to neuroblastoma (Schwab, 2004) , 12p amplifications frequently appear in embryonal tumors (teratomas) and liposarcomas (Looijenga and Oosterhuis, 1999; Rieker et al., 2002) , 17p amplifications are typical of some sarcomas (osteosarcoma, MFH and leiomyosarcoma) (El-Rifai et al., 1998; Weng et al., 2003; Atiye et al., 2005) and 1q21-q24 amplifications are frequent in osteosarcomas (Ozaki et al., 2002) . Our findings suggest that some amplification hot spots can be used as clinical markers for cancer diagnostics and confirm the general conception that DNA amplifications are characteristic of malignant tumors, whereas benign tumors show no amplifications. Our findings clearly indicate that DNA amplifications may be applied in the differential diagnosis of small round cell tumors: 2p amplification (hot spot 4) in neuroblastoma, 17p (hot spot 6) in osteosarcoma, 18q (hot spot 18) in lymphoma, and 1q (hot spots 17 and 24), 12 (hot spots 2, 21 and 30) and 8 (hot spots 9, 14 and 16) in Ewing's sarcoma. There are more than 10 malignant small round cell tumors affecting mainly children and adolescents who have different prognosis and treatment and are difficult to differentiate.
Colocalization of gene size cohorts and amplification hot spots or fragile sites was studied using statistical modeling to assess the associations between gene size and DNA amplifications and chromosomal fragility. Gene sizes between 0 and 150 kb (92.32% of all genes) and 250 and 400 kb (2.5% of all genes) were found to be overrepresented in the amplification hot spot loci when compared with a random reference. Genes between 200 and 350 kb (2% of all genes) and 900 kb and 1 Mb (0.09% of all genes) were overrepresented in the prevalence weighted fragile sites. These gene size cohorts represent a minority in the human gene population, suggesting that genes in the fragile chromosomal regions are generally quite large. Interestingly, the genes that were between 900 kb and 1 Mb in length were associated with fragile sites, supporting the hypothesis that extra large genes are breakage prone, even though neither of the known fragile genes (WWOX or FHIT) was included in this gene set. Noteworthy is that the genes, which were 250-350 kb in length, showed the best association scores in both fragile site and amplification hot spot assessments. These genes represent 1.5% of the human genome and are lengthwise among the top 3.8%. These findings suggest that large genes might be involved in the amplification process and genomic fragility.
Associations between labile genomic features and specific amplification hot spots were statistically analysed. Only one amplification hot spot factor (8p23-q12; 8q23) (amplification hot spot no. 9, Figure 1b and Table 1 ) was enriched with cancer genes when compared to a random reference. This finding may be explained by overrepresentation of cancer genes in this chromosomal location. Virus integration sites were overrepresented in four amplification hot spots, at 2q13-q36, 8q24.1-q24.3, 9q11-q34 and 18q11.2-q23. None of the amplification hot spots were enriched with fragile sites and most of the amplification hot spot findings cannot be explained by cancer gene accumulation or virus integration site colocalization. Evaluation of general associations revealed no statistical overrepresentation of fragile sites, virus integration sites or cancer genes on the reported amplification hot spots when compared with nonamplified chromosomal regions. Even when the expression intensity of the common fragile site (measured as a lesion count) (Glover et al., 1984) was taken into account, no global association was observed.
Although no statistical associations were observed in the global setting, most of the amplification hot spots contain many cancer genes and fragile sites ( Table 1) , suggesting that these sites might be selected to amplify because of the qualitative properties of the cancer genes and facilitation conducted by the fragile site expression. Furthermore, the resolution of the microscopic data used in this study is inadequate to enable thorough investigation of the relationship between genomic fragility and amplifications, because amplification hot spots span 45% of the human genome and fragile sites are located in 30% of the chromosome bands. Thus, further studies using molecular biology resolution are needed to address the colocalization of amplification breakpoint regions and fragile DNA sequence features. Amplification breakpoint regions need to be mapped using genome-wide array comparative genomic hybridization (aCGH) and cloning is essential in determining fragile sequences (Buttel et al., 2004) . A cross-cancer database of aCGH results linked with labile genomic features is instrumental for systems biology oriented data mining and research of amplification mechanisms.
This study was restricted to amplifications because identification of DNA copy number gains and losses by conventional CGH is relatively unreliable. Nonetheless, it is well accepted that DNA copy number aberrations owing to deletions and low-level gains are also of great importance in cancer pathology. The profiling analysis was restricted to group averages, even though quantitative data for a single case might also be important in deciphering tumor-maintaining cancer gene networks. It is also recognized that cancer cell genome is variable and tumor tissue is not homogeneous with regard to tissue architecture or function. DNA copy number losses as well as minor gains, single case experiments and cancer genome plasticity are elements that can be studied more explicitly using the proposed aCGH approach.
In conclusion, the amplification profiling analyses showed that cancers with similar cell-of-origin, histology or topographical location obtained convergent amplification profiles, suggesting that amplifications are selected in the cancer tissue environment according to the qualitative traits and localization of cancer genes. The amplification patterns seem to be too complex for very simple mechanistic explanations, although some associations of colocalization between labile genomic features and DNA amplifications were observed. The amplification profiling results demonstrate the independent value of DNA copy number amplifications in cancer pathology. The identified amplification hot spots may have clinical value in differential diagnostics of some tumors. These findings encourage the development of molecular classification based on amplification profiling to supplement the conventional, histology-based classification of tumors. Subtyping of tumors based on amplification signatures would be advantageous, because characterization based on molecular properties is more relevant in the clinical setting and enables development of approaches directed at biologically active targets in cancer. Knowledge and comparison of molecular pathology of tumors are also essential in designing innovative clinical practices, such as multi-cancer therapies, and flexible diagnostic and prognostic applications.
Materials and methods

DNA copy number amplification data
The CGH data was obtained from a publicly available data collection (http://www.helsinki.fi/cmg/cgh_data.html) containing 23 284 cases, which have been collected by inspecting 838 original research articles of chromosomal CGH studies published in peer-reviewed journals between 1992 and 2002 (Knuutila et al., 2000) . Amplifications were determined from the CGH data collection. A cutoff value of 1.5 in the CGH measurement ratios or definitions given by the authors were applied when selecting the amplified chromosome bands. Amplification data for each case in the data collection was presented as a vector of zeros and ones (not amplified or amplified chromosome bands). Chromosome sub-band resolution was used to map the DNA copy number amplifications to the genome (ISCN, 1995) . Vectors of amplification observations in chromosome sub-bands were assembled into a data matrix.
Amplification profiling of human neoplasms
Each case in the amplification data matrix was classified according to the World Health Organization (WHO) guidelines. The cases were then grouped according to the neoplasm classifications. An amplification profile for each neoplasm (n ¼ 73) was defined by calculating chromosome band-specific and chromosome arm-specific frequencies of amplification observations. For reference, similar amplification profiles were calculated for all neoplasms excluding the neoplasm that was studied. To define characteristic amplifications of each neoplasm, differences between the amplification profiles of studied neoplasms and the reference were analysed using a hypothesis test. Significance of the difference between the studied neoplasm and the reference profiles was analysed using a permutation test (1000 permutations) (Good, 2000) . The significance threshold was set at P ¼ 0.01.
Clustering of human neoplasms based on amplification profiles
Hierarchical clustering was applied to evaluate the amplification-based similarity between neoplasms. The average values of neoplasm-specific groups were used in the clustering. A pairwise correlation matrix was calculated based on the neoplasm group-specific amplification profiles, and a dendrogram was built using average linkage distance between the neoplasms. Four coherent clusters were identified based on the dendrogram and the correlation matrix.
Identification of amplification hot spots Amplification hot spots were identified computationally using chromosome band resolution and case-specific data without neoplasm information. The ICA method was applied to identify independent factors in the data set. The ICA factor model for identifying candidate amplification hot spots assumes that an observed pattern of amplifications, vector x, is formed as a sum of basis vectors (in matrix A) triggered by independent latent variables in vectors s, that is, x ¼ As. One basis vector represents a hot spot. In this model, a hot spot need not be contiguous with respect to the spatial location on bands.
As the amplification data is binary, we used the threshold method described previously (Himberg and Hyva¨rinen, 2001 ). Himberg and Hyva¨rinen (2001) show that the linear ICA can be successfully used for 'sparse' data even if A, x and s are binary, and the mixing model contains a post-mixture threshold function U, that is, x ¼ U(As). The amplification data is sparse (less than 5% ones among zeros).
To reduce noise, the dimensionality was lowered using the principal component analysis . We selected 60 components with the largest eigenvalues. Then, FastICA was run 30 times with different initial conditions and the data were bootstrapped (Himberg et al, 2004) . The contrast function was based on skewness. The mixing matrix A was then scaled and thresholds were set (Himberg and Hyva¨rinen, 2001 ). The components were ordered according to the stability index defined by Himberg et al. (2004) , and 30 basis vectors corresponding to the most stable components were selected.
Statistical evaluation of colocalization of amplification hot spots, fragile sites, virus integration sites, cancer genes and gene size cohorts Elemental factors contributing to the induction of amplifications were tested in a global statistical setting to investigate the underlying mechanisms. Amplification hot spots were extracted as explained above. Fragile sites and virus integration sites were adopted from the NCBI Locus Link (National Center for Biotechnology Information, Bethesda, CA, USA) and lesion prevalence in the common fragile sites was derived from a previous publication (Glover et al., 1984) . A census of human cancer genes was published by Futreal et al. (2004) and an updated list of cancer genes was retrieved from the Cancer Genome Project web site (http://www.sanger.ac.uk/genetics/ CGP/). When fragile sites, virus integration sites and cancer genes were matched with amplifications, their genomic locations were reported using coarser chromosome sub-band resolution.
Enrichment of cancer genes, fragile sites (NCBI derived) and virus integration sites on specific amplification hot spots was measured by counting the factor-specific observations and comparing the results against a random reference. In addition, the distribution of fragile sites (NCBI annotated as well as prevalence weighted), cancer genes and virus integration sites between amplification hot spots and non-amplified chromosome regions was measured. The significance of the differences in the observations was defined using a hypothesis test in a non-parametric setting. P-values for the differences in observations were assigned according to the empirical distribution generated using a permutation test.
In order to test whether gene size contributes to site specificity of chromosomal fragility or amplifications, the distribution of gene size cohorts between fragile sites (NCBI and prevalence weighted) and non-fragile regions as well as amplification hot spots and non-amplified chromosomal regions was measured. The human genes were collected using the Ensembl services (Birney et al., 2004) and sorted by length. Genomic size-based gene cohorts were extracted by selecting windows of 100 kb in length with an overlap of 50 kb, that is, 0-100, 50-150, 100-200 kb, etc. Significance of the differences in means was evaluated using a non-parametric permutation test similar to the method described above.
